We study the ground-state structure of nuclei in the vicinity of the one-neutron dripline within the latest version of the quark-meson coupling (QMC) model with a particular emphasis on 23 O. For this nucleus the model predicts a 22 O(0 + )⊗ n2s 1/2 configuration for its ground state, with a one neutron separation energy in close agreement with the corresponding experimental value. The wave function describing the valence neutron-core relative motion was then used to calculate the Coulomb dissociation of 23 O on a lead target at a beam energy of 422 MeV/nucleon. The experimental neutroncore relative energy spectrum and the total one-neutron removal cross sections are well described by the calculations. The widths of the longitudinal momentum distributions of the 22 O fragment are found to be broad, which do not support the formation of a neutron halo in this nucleus.
Introduction
In recent years a lot of effort has been devoted to study the structure of the light neutron rich nuclei that have some unusual properties. For example, the neutron dripline for the oxygen isotopes is located at 24 O (see e.g. Refs.
[1]), and not at 28 O, the doubly magic nucleus that has been found to be unbound. This suggests that a new magic number appears at N = 16 in neutron rich nuclei. The reason for this observation has been investigated in several studies [2, 3] . Otsuka et al. [2] have suggested that it should be attributed to the spin-isospin dependent part of the nucleon-nucleon force yielding a strongly attractive interaction between a proton in 1d 5/2 orbit and a neutron in 1d 3/2 orbit, which in turn increases the gap between 2s 1/2 and 1d 3/2 orbitals for the N=16 oxygen isotope.
As the neutron drip-line is approached the nuclei experience weakening of the neutron binding energies, which leads to some special effects. The sudden rise of the interaction cross sections found in Refs. [4] for several lighter isotopes closer to the neutron drip-line was attributed to the extended density distribution(s) of the valence neutron(s) usually referred to as a neutron halo [5] . For oxygen isotopes a sudden rise of about 12% was observed [6] in the interaction cross sections between 22 O and 23 O. This led these authors to suggest 23 O as a candidate for a neutron-halo system. However, there are several other observations that are not consistent with this picture. The valence neutron in 23 O is relatively strongly bound, with a one neutron separation energy (S −n ) of 2.74 MeV, which is in contrast to the well established one neutron halo nuclei like, 11 Be and 19 C, that have S −n of only about 0.5 MeV. Thus the last neutron in 23 O should not extend to larger distances. Furthermore, the longitudinal momentum (p ) (with respect to the reaction plane) distributions (LMD) of the 22 O fragment have been measured [7, 8, 9, 10] in the breakup reactions of 23 O on lighter target nuclei, where the widths of these distributions are found to be in excess of 100 MeV/c. This is about 2-3 times larger than those observed in the cases of 11 Be and 19 C induced reactions (see, e.g. Ref. [11] ). A narrow LMD is a direct signature of the development of the halo structure (see, e.g. the discussions presented in [12] ).
Moreover, there has been a disagreement in the assignment of the ground state spin-parity (J π ) of 23 O nucleus among various authors. In Ref. [7] , from the LMD measurements of the 22 23 O within a more microscopic theoretical model than has been employed so far.
The aim of this paper is to investigate within the quark-meson coupling (QMC) model, the ground state structure of several light neutron rich nuclei that lie in the vicinity of the one-neutron dripline with a particular attention to the 23 O nucleus. The QMC model is a quark-based model for nuclear matter, finite nuclei and hypernuclei [15, 16, 17, 18, 19, 20] , where quarks in the non-overlapping MIT bags interact self consistently with isoscalar-scalar (σ) and isoscalar-vector (ω) mesons in the mean field approximation. The explicit treatment of the nucleon internal structure is a key point of this model and it represents an important departure from quantum hadrodynamics (QHD) [21] . The self-consistent response of the bound light quarks to the mean σ field leads to a new saturation mechanism for nuclear matter [15] .
Although formulated as a relativistic mean field theory with just a few parameters (determined from the properties of nuclear matter), QMC model has been shown to lead to a remarkably realistic Skyrme force [22, 23] . This has led to its application to describe rather successfully several properties (e.g. binding energies per particle, density and charge distributions and energy levels) of closed shell nuclei [19, 23] with masses spanning a wide range of the periodic table. The agreement with the corresponding experimental data is not been inferior to that obtained within the Skyrme Hartree-Fock (HF) or relativistic mean field (RMF) models.
The same effective interaction (with identical parameters) has also been used to describe the properties of nuclei far from stability in Ref. [23] where this model was used to predict the positions of the two-neutron drip line in Ni and Zr isotopes. In this study the pairing correlation between two neutrons has been treated in a HatreeFock-Bogoliubov (HFB) approach. In these calculations the neutron drip line appears around the neutron numbers that are similar to the predictions provided by the Skyrme force SLy4 commonly used in the non-relativistic calculations [24] . Furthermore, the shell quenching, which has important consequences for the astrophysical rapid capture process, is also very close to that obtained in the Skyrme-Hartree-Fock-Bogoliubov approach in Ref. [24] . It is remarkable because, unlike the non-relativistic Skyrme force based calculations where the experimental values for the binding energy and the radii are included in the fitting procedure for determining the corresponding parameters, in the QMC calculations the parameters remain the same and these quantities are actually predicted by the model. Therefore, the QMC model contains features that make it appealing to apply to the description of the structure of the drip line nuclei.
In this paper we report the results of the QMC model calculations for the light neutron rich nuclei that lie in the vicinity of one-neutron dripline -a region which has not been explored within this model so far. We use the latest version of the QMC model (to be referred to as QMC-III) [20] to predict the one-neutron separation energy and the valence neutron spin-parity in the ground state of the neutron rich nuclei 23 N, 23 O, 31 Ne, 35 Mg, 37 Na, 45 S. Our particular attention will be focused on the 23 O nucleus where we use this model to calculate also the neutron and proton density distributions in order to investigate the possible existence of a halo structure in this nucleus. Furthermore, we use the predicted valence neutron configuration in the ground state of 23 O and the corresponding valence neutron-core wave function to investigate its Coulomb dissociation (CD) on a Pb target, for which some data exists [13] on the valence neutron-core relative energy differential and the total one-neutron removal cross sections.
In the next section, our formalism is presented where some important features of the QMC model are discussed. In this section we also presented a short review of the CD model that has been used to calculate the valence neutron-core relative energy differential and the total one-neutron removal cross sections for the breakup of 23 O on a Pb target. Our results are presented and discussed in section 3. A summary and conclusions of our work is presented in section 4.
Formalism

Quark-meson coupling model
The QMC-III model includes the self-consistent effect of the mean scalar field on the familiar one-gluon exchange hyperfine interaction [25] that in free space leads to the N − ∆ and Σ − Λ mass splitting. With this development, QMC model has been able to explain the properties of Λ hypernuclei for the s-state rather well, although the p-and d-states tend to be underbound. It also maintains the very natural explanation of the small spin-orbit force in the Λ-nucleus interaction that was found in an earlier version of the QMC model (to be referred to as QMC-I) [17, 18, 26] . In QMC-III, while the quality of results for Λ and Ξ hypernuclei is comparable to that obtained in QMC-I [18] , no bound states for the Σ states [20] were found in medium and heavy mass nuclei. This finding, which is a consequence of the extra repulsion associated with the increased one-gluon-exchange hyperfine interaction in medium, is in agreement with the non-observation of such states experimentally. The QMC-III model has recently been used [27] to study the production of Ξ − hypernuclei via the (K − , K + ) reaction, which is currently of great interest at the J-PARC facility in Japan.
In order to calculate the properties of the finite nuclei, we construct a simple, relativistic shell model with self-consistent scalar and vector mean fields. The Lagrangian density for a nuclear system in the QMC model is written as [17] : 
where, ρ s (r), ρ B (r) = ρ p (r) + ρ n (r), ρ 3 (r) = ρ p (r) − ρ n (r) and ρ p (r) (ρ n (r)) are the scalar, baryon, third component of isovector, and proton (neutron) densities [18] . On the right hand side of Eq. (3), a new and characteristic feature of QMC appears, arising from the internal structure of the nucleon, namely,
∂σ , where g σ ≡ g σ (σ = 0). We use the density dependent nucleon mass M N (σ) as parameterized in Ref. [20] .
The coupled non-linear differential Eqs. (2)- (5) can be solved by a standard iteration procedure as discussed in, e.g., Refs. [28] . The coupling constants g σ , g ω , g ρ , and masses m σ , m ω and m ρ have been taken to be the same as those given in Ref. [20] . To calculate the nuclear levels we use a relativistic shell model (see, eg. Refs. [17, 19] for more details).
The Coulomb dissociation model
The model used to calculate the CD cross sections of the 23 O nucleus is described in detailed in Refs. [29, 30, 31] . Therefore, we give here only a brief sketch of it. This theory is formulated within the post-form finite range distorted wave Born approximation (FRDWBA), where the electromagnetic interaction between the fragments and the target nucleus is included to all orders and the breakup contributions from the entire nonresonant continuum corresponding to all the multipoles and the relative orbital angular momenta between the fragments are taken into account [30] . Only the full ground state wave function of the projectile, of any orbital angular momentum configuration, enters in this theory as input. Thus, unlike most of the theoretical models described in a recent review of breakup theories [32] , this approach does not require the knowledge of the positions and widths of the continuum states. Hence, it is free from the uncertainties associated with the multipole strength distributions [33] that may exist in some of these theories.
We consider a breakup reaction (a+ A → b+c+ A), where the projectile a breaks up into fragments b (charged) and c (uncharged) in the Coulomb field of a target A. The differential cross section for the relative energy distribution for this reaction is given by
where v aA is the a-A relative velocity in the entrance channel, Ω bc and Ω aA are solid angles, µ bc and µ aA are reduced masses, and p bc and p aA are appropriate linear momenta corresponding to the b-c and a-A systems, respectively. The reduced amplitude, β lm , in the post-form FRDWBA is given by
where k b , k c are Jacobi wave vectors of fragments b and c, respectively, in the final channel of the reaction, k a is the wave vector of projectile a in the initial channel and V bc is the interaction between b and c. Φ lm a is the ground state wave function of the projectile with relative orbital angular momentum state l and projection m. In the above, K is an effective local momentum associated with the core-target relative system, whose direction has been taken to be the same as the direction of the asymptotic momentum k b [29] . α, δ, and γ in Eq. (5), are mass factors relevant to the Jacobi coordinates of the three body system (see Fig. 1 of Ref. [29] ). The wave functions χ c (δk c ) by a plane wave as the fragment c is uncharged (e.g. for a neutron). This allows the second term of Eq. (7) to be evaluated analytically in terms of the bremsstrahlung integral [34] . A [29, 35] . It is clear from Eqs. (6) and (7) that within this model of breakup reactions, explicit information about the continuum strength distribution of the projectile is not required in calculations of the relative energy spectra -the entire continuum is automatically included in this theory. It should be remarked that this model of the Coulomb dissociation belongs to one particular class of breakup theories that include the interaction between the projectile fragments and the target nucleus to all orders but treat the fragment-fragment interaction in first order. Because for relative energies of our interest there are no resonances in the n+ 22 O continuum, we expect this approximation to be valid. It is clearly a good approximation for the deuteron and the neutron halo systems [33] . For those cases where higher order effects of the fragment-fragment interaction are known to be nonnegligible, this model will have a limited applicability. Recently, calculations are becoming available where the breakup reactions are treated in terms of the Faddeev type of theories of the three-body problem including also the Coulomb potentials in the fragment-target and fragment-fragment interactions [36, 37, 38] . These studies although confined so far mostly to breakup reactions on a proton target, are expected to provide a comprehensive check on various approximations used in different types of breakup theories [39] .
Results and discussions
In Table 1 , we show the one-neutron separation energies (S −n ) and the valence neutron quantum numbers of a number of light neutron rich nuclei lying in the vicinity of the one-neutron dripline. In the last column of this table we show the experimental value of S −n (S data −n ) that have been derived from Refs. [40, 41, 42, 43] . It is clear that S −n predicted by the QMC model is in reasonable agreement with the corresponding experimental value for all the nuclei studied in table 1. This is remarkable in view of the fact that in these calculations the model parameters were the same as those used in the description of the normal nuclei in Ref. [20] . It may however, be remarked that for still lighter nuclei (e.g. isotopes of C and Be etc.) the QMC model may not be applicable as the mean field approximation is unlikely to be valid for these systems. For example, we found that for 19 C the QMC model predicts a S −n of -1.192 MeV (-3.095 MeV) for a ground configuration in which a 2s 1/2 (1d 5/2 ) neutron is bound to a 0 + 18 O core. However, a generally accepted value of S data −n for this nucleus is 0.576±0.094 MeV with a ground state spin-parity of 1 2 + [44, 45, 46] , even though there is still some uncertainty in the mass of 19 C. It has been shown earlier [47, 48] that the valence neutron in 19 C is no longer attached to a mean field orbital. Thus, the mean-field dynamics has ceased to be the dominant source of binding in this case where the dynamical valence neutron-core interaction provides most of the binding. Therefore, a deviation of the S −n calculated in the QMC model for this nucleus from the corresponding experimental value is not surprising. Nevertheless, it is interesting to note that the ground state configuration 18 C(0 + ) ⊗ n2s 1/2 leads to a S −n more in agreement with its experimental value, which is in line with the conclusions of Refs. [44, 45, 46] .
As we are particularly interested in the nucleus 23 O, we discuss our results in some details for this case. In table 1 we notice that, the configuration where valence neutron lies in the 2s 1/2 level (with 22 O remaining as inert core), yields a S −n value of 2.86 MeV. This is very close to the experimental value of 2.74 MeV for this quantity. We have also tried a scheme to get a valence neutron spin-parity of 5 2 + by filling the last neutron orbit (2s 1/2 ) with two neutrons. This, however, makes the 23 O isotope unstable in our model. Therefore, we confirm that the ground state of this nucleus is consistent with a 22 O(0 + )⊗2s 1/2 configuration with a one neutron separation energy of 2.86 MeV. It should be mentioned here that using the QMC-I model, we find a one neutron binding energy of 4.34 MeV within the same ground state configuration. Thus, the extra effects put into the QMC-III model (e.g., one-gluon exchange hyperfine interaction) do seem to be important to describe self-consistently the structure of the drip-line nuclei. In Fig. 1 , we show the neutron and proton density distributions for 23 O obtained within the QMC-III model. We see that the central density of the neutron distribution is clearly larger than that of the proton. At the same time the surface diffuseness of the two distributions are almost identical. This is consistent with the criteria for a neutron skin [49, 3] . The neutron skin thickness, which is the difference between the neutron and proton root mean square radii (RMS) [50] is found to be 0.46 fm, which is in agreement with the value reported for this nucleus in Ref. [3] where calculations have been performed within a QHD type of relativistic mean field model. In neutron rich isotopes of several medium to heavy mass nuclei, a neutron skin of similar thickness has been reported by several authors (see, e.g. Refs. [51] ).
In Figs. 2a and 2b , we show the valence neutron-core potential and the corresponding wave function, respectively, for the 23 O nucleus calculated within the QMC-III model. The potential is the sum of scalar and vector fields and the wave function is only the upper component of the spinor, as the corresponding lower component is at least two orders of magnitude smaller. For comparison, we also show a Woods-Saxon (WS) potential and the respective wave function for this system. This potential has been parameterized by adjusting its depth to reproduce the experimental value of S − n with the radius and diffuseness parameters of 1.15 fm and 0.5 fm, respectively. We note that while the QMC-III potential is somewhat deeper than the WS potential at smaller distances, they are similar in the surface region. However, the wave functions generated by the two potentials are almost identical at all radii. The wave functions calculated above have been used to investigate the Coulomb dissociation (CD) of the 23 O nucleus on Pb target, for which some data exists [13] on the valence neutron-core relative energy differential cross section and the total oneneutron removal cross sections. The CD process has a number of advantages. It is free from the uncertainties associated with the nuclear interactions. Moreover the inelastic breakup mode (also known as stripping or breakup fusion) is absent in the pure Coulomb dissociation reactions. Therefore, this process is ideally suited for probing the structure of the projectile.
In Fig. 3 , the calculated energy differential cross section (
) is shown as a function of the excitation energy (E x = E bc + S −n , where E bc is the n-22 O relative energy). The results obtained with QMC-III (solid line) as well as a WS ground state (dashed line) wave functions are displayed. In getting these cross sections, an integration has been carried out over θ aA up to the grazing angle of the reaction. In order to compare the calculations with the data of Ref. [13] , the calculated cross sections need to be convoluted with the detector response function of the experiment. Since this is not available to us we have normalized our cross sections to the peak of the experimental dσ dE x in each case. This may be viewed as an alternative to the convolution procedure. We note that our calculations are able to describe the shape of the relative energy spectrum quite well over the entire region of excitation energies. The sharp rise of the experimental cross section just after the threshold is quite well reproduced. Even the widths of the experimental distribution is well reproduced in our model. In contrast to this, the width of the distribution is grossly over predicted within a semiclassical breakup model using plane waves for the relative motion wave functions in the outgoing channel, as shown in Ref. [13] . Once optical potentials are used to describe the n 
+
22 O relative motion, the situation improves. , The total electromagnetic one-neutron removal cross sections obtained in our CD model is 79.26 mb and 77.15 mb with QMC-III and WS wave functions, respectively. This is only about 10% smaller than the lower limit of the corresponding experimental value of 97±10 mb [13] . However, since the upper limit of uncertainty in the experimental data is of the order of 20% [13] , this slight under prediction of the total electromagnetic cross sections by our model is not significant.
In Fig. 4 , we show the calculated LMD for the 22 O fragment emitted in the CD of 23 O on a Pb target at 422 MeV/C beam energy, calculated with QMC-III and WS ground state wave functions. The full width at half maximum (FWHM) of the LMD is about 85 MeV/c in both cases. This value is more than a factor 2 larger than the FWHM of the LMD of the core fragment observed in reactions induced by established one-neutron halo nuclei like 11 Be and 19 C. Although there are no data available for the LMD of the 22 O fragment in the 23 O induced reaction on a heavier target like Pb, the FWHM of the LMD of 22 O have been measured in the 23 O induced breakup reaction on light targets like carbon [7, 9, 10] , where they have been found to lie around 100 MeV/c. Therefore, these results almost rule out the development of a one-neutron halo structure in 23 O, even though the valence neutron occupies an s-orbit in this nucleus.
Summary and conclusions
In summary, we have studied the ground state structure and the one neutron separation energies of a number of light mass neutron rich nuclei lying in the vicinity of one-neutron drip line within the latest version of the quark-meson coupling model. With the same set of parameters that were used to describe the properties of normal nu-clei, we obtain a reasonable agreement with the experimental one-neutron separation energies. We concentrated particularly on the 23 O nucleus. Our calculations confirm a 22 O(0 + )⊗2s 1/2 configuration for the ground state of this nucleus with a one neutron separation energy of 2.86 MeV that is in close agreement with the corresponding experimental value. A spin-parity assignment of 1d 5/2 to this nucleus is not supported by our model. We predict the development of the neutron skin in this nucleus with a thickness of 0.48 fm.
The valence neutron-core wave function calculated within the QMC model has been used to study the Coulomb dissociation of 23 O on a Pb target at the beam energy of 422 MeV/c employing a theory that requires only the ground state projectile wave function as input and is free from any other adjustable parameter. Although at this beam energy the relativistic effects play a role [52] , yet a fully quantal relativistic theory of breakup reactions is not yet available. Our theory is essentially non-relativistic in nature. Nevertheless, we observe that the existing data on the excitation energy spectra and the total electromagnetic one-neutron removal cross section are well reproduced. The calculated longitudinal momentum distributions of the 22 O fragment are broad, which effectively excludes the development of a one-neutron halo structure in this nucleus even though the valence neutron occupies an s-orbit. Our study shows that the latest quark-meson coupling model provides a competitive alternative for describing the structure of the drip line nuclei as compared to the commonly used non-relativistic models.
